Cardiac output was determined in dogs over a wide range of pressures before and after preclusion of compensatory reflex mechanisms. When the moderator reflexes are functional, total peripheral resistance increases markedly with moderate reductions in arterial pressure. When reflex alterations of vasomotor tone are obviated, pressure and flow usually vary proportionately as arterial pressure is altered. In the average experiment, total peripheral resistance remains relatively constant although appreciable deviations may be observed in individual cases.
T OTAL peripheral resistance (TPR) is defined as the ratio of mean arterial pressure (MAP) to cardiac output (CO). Quantitative variations in this computed ratio often have been interpreted as being indicative of alterations in vasomotor tone, either on a reflex or humoral basis. Studies of isolated regions of the vascular system, however, have demonstrated unequivocally that the calculated resistance may vary considerably as perfusion pressure is altered, even when humoral and nervous factors have been maintained constant. 1 "' 3 In order to interpret correctly any observed changes in this ratio, it is essential to ascertain the relationship between pressure and flow for the total systemic vascular bed.
In the present series of experiments, we have determined total peripheral resistance over a wide range of mean pressures while precluding the reflex changes in vasomotor tone which would ordinarily supervene. The MAP-CO relationships were established under essentially two types of conditions in separate experiments, because it had been shown previously that the configuration of the pressure-flow curve for an isolated vascular bed varies with the degree of vasomotor tone." In one group of dogs, cardiac output was determined at several gradations of mean arterial pressure for a systemic tree which was rendered severely constricted by complete denervation of the carotid sinus and aortic arch pressoreceptors. In the other series, an attempt was made to simulate the control degree of arteriolar constriction by subjecting the isolated carotid sinuses to an arbitrarily chosen constant positive pressure while the mean pressure of the remaining portions of the vascular system was altered in stages.
METHODS AND PROCEDURE
Fourteen satisfactory experiments were performed on mongrel dogs varying in weight between 14 and 29 Kg. Each animal was anesthetized with morphine sulfate, 20 mg. subcuUineously, followed by sodium barbital, 200 mg. per kilogram body weight intravenously. Mean arterial pressure was registered continually from the light femoral artery by means of a damped mercury manometer. Cardiac output was estimated by the direct Fick technie. Mixed venous blood samples were obtained from the pulmonary artery through a no. S cardiac catheter, and the oxygen content of arterial and venous blood samples was determined by the method of Roughton and Scholander. The rate of oxygen utilization was measured with a Benedict-Roth spirometer which was connected directly to a tracheal cannula. Rectal temperature variations greater than ±0.5 C. were rarely observed. Samples for hematocrit ratios were obtained at the same time as those for the estimations of cardiac output. The average range of variation was ±3.4 percentage units from the mean value for each experiment.
After exposure of the carotid sinuses, loose ligatures were placed about the arterial branches with as little disturbance as possible to the pressure-sensitive zone or the accompanying nerves. The vagi were dissected free at the level of the tracheal cannula incision. Heparin* was administered, and the left femoral artery was cannulated and connected to a glass reservoir. The pressure within this chamber could be adjusted rapidly to any desired level and mean arterial pressure thus maintained at a desired value.
(A) In each of the 14 animals, the relationship between cardiac output and mean arterial pressure was first established before abrogation of the moderator reflexes. Blood samples were withdrawn for a "control" cardiac output determination at the prevailing mean arterial pressure. Mean arterial pressure was then set at levels of approximately 40, 60, 80, and occasionally 100 mm. Hg in either ascending or descending sequence. The pressure was maintained at each level for about 10 minutes, and blood samples were procured two minutes before each period was terminated. When all blood had been reinfused at the end of each stage, a relatively normal mean arterial pressure was allowed to obtain for five minutes before the next pressure gradation was established. A final "recovery" cardiac output was determined when mean arterial pressure had stabilized after the lust reiiifusioii of blood.
(B) In nine of the animals subjected to the studies described in (A), the vagi were then sectioned, and the carotid sinuses denervated in the following manner: the common carotid artery and its branches in the neighborhood of the bifurcation were ligated and all nervous and connective tissue in the region was included in these ligatures. The portion of the artery just proximal to the bifurcation was incised to expose any intact pressoreceptors to atmospheric pressure. When mean arterial pressure had stabilized at a hypertensive level, a "control" cardiac output was determined. Subsequent estimations of cardiac output were made at several lower pressures in exactly the same manner as related in (A). A final "recovery" estimation of cardiac output was obtained to ascertain whether vasomotor tone has been altered appreciably as the result of the experimental procedures.
(C) In the remaining five animals subjected to the studies outlined in (A), both vagi were transected but the sinus nerves were identified and preserved. All arterial branches were carefully ligated at some distance from the bifurcation. The isolated, innervated carotid sinus preparations were then cannulated and connected to a smaller blood reservoir and filled with oxygenated blood. The air pressure exerted on this system was gradually increased until the mean arterial pressure was reduced to the control levels seen in (A), in an effort to approximate the previous degree of reflex vasomotor tone. The pressure exerted on the isolated carotid sinuses * Heparin supplied through the courtesy of Dr. W. Tit. Kirtley, The Lilly Research Laboratories. was then maintained at this level for the remainder of the experiment. A MAP-CO curve was constructed for the systemic vascular bed in the same manner as previously described.
RESULTS
The relationships between mean arterial pressure and cardiac output before and after denervation of the pressoreceptors is illustrated for a typical experiment in figure 1. The solid circles depict the pressure-flow curve for the systemic bed while the buffer reflexes were still operative (procedure A). The slope is very steep at the higher pressure levels, but diminishes progressively at lower values. The resultant convexity toward the pressure axis appeared in all experiments in this series, and frequently was more pronounced (see also figure 2 , solid circles). Thus, at the upper end of this curve, an appreciable reduction in cardiac output is attended by a relatively negligible fall in mean arterial pressure, resulting in a significant increase in calculated total peripheral resistance.
In this experiment, the "recovery" mean arterial pressure (solid circle, next to the highest point) just prior to denervation of the baroceptors was 117 mm. Kg. Immediately after denervation, mean arterial pressure rose abruptly to a peak value of 206 mm. Hg. The mean arterial pressure then progressively declined during the succeeding 12 minutes to stabilize finally at a value of 154 mm. Hg. The pressure-flow curve constructed after interruption of the moderator reflexes (open circles) is virtually linear over the pressure range from 37 to 154 mm. Hg. The increased vasomotor tone under these conditions is demonstrated at the higher pressure, where cardiac output is considerably less at any given mean arterial pressure than with the, buffer reflexes intact. This augmented vasomotor tone, however, is not greater in the denervated preparation over the entire range of pressure and flow. It is evident from the figure that the two curves intersect at approximately 90 mm. Hg, indicating that constriction is more severe at reduced pressures when the moderator reflexes are functioning. This finding was observed in seven of the nine experiments of this 
Since the flow axis intercept is positive in this experiment, there is an increase in calculated total peripheral resistance as mean arterial pressure and cardiac output are augmented. This becomes evident when the above formula is rearranged as follows:
MAP
21_ CO with total peripheral resistance expressed as mm. Hg per liter per minute (P.E.U. X 1000).
The data for a typical experiment in which a constant positive pressure was exerted upon the isolated, innervated carotid sinuses are presented in figure 2 . The solid circles depict the pressure-flow relationships with the moderator reflexes still operative (procedure A). The curve described by these points is de-cidedly curvilinear and conforms to the uniform pattern observed in all experiments prior to interference with buffer mechanisms, although the "recovery" cardiac output (uppermost point) extends the range of the curve well beyond the limits observed in the other experiments of this series. This augmented cardiac output probably resulted from the preceding reinfusion of blood, and failure to allow a sufficient interval for stabilization. However, even if this estimation of cardiac output is in error by as much as 30 per cent, which is plausible in view of the A-V oxygen difference of only 1.9 volumes per cent, the configuration of the pressure-flow curve would be virtually unaffected.
After vagotomy and ligation of all arterial branches in the region of the carotid sinuses (procedure C), reduction of the pressure in the innervated sinuses to atmospheric pressure by insertion of cannulas resulted in an elevation of mean arterial pressure to a maximum of 230 mm. Hg. The pressure rapidly declined, however, and finally stabilized at a level of 170 mm. Hg. The isolated sinuses were then subjected to a constant, nonpulsatile pressure of 210 mm. Hg. This resulted in an immediate decline in mean arterial pressure to a value of 133 mm. Hg, which remained constant during a 15 minute stabilization period. Using this pressure level for the "control" cardiac output, a complete pressure-flow curve (open circles) was constructed in the usual manner, while the pressure of 210 mm. Hg was maintained on the isolated sinuses.
The figure reveals that the points (open circles) representing cardiac output at the various stages of mean arterial pressure again virtually describe a straight line. In this experiment, the systemic vascular bed was somewhat constricted, since the two uppermost points lie to the right of the preceding curve. However, the pressure within the carotid sinuses reduced the degree of constriction considerably, for just prior to termination of the experiment, release of this pressure again resulted in a rise in mean arterial pressure to 212 mm. Hg. In three of the five experiments of this group the baroceptors were more sensitive to endosinual pressure, resulting in a greater The mean value (computed logarithmically) for each stage of pressure is represented by a horizontal line. Figure 3 illustrates the changes in total peripheral resistance which occur when mean arterial pressure is varied while the moderator reflexes are functioning normally (procedure A). It is evident that a reduction in mean arterial pressure results in a disproportionately greater diminution of cardiac output which is reflected as a significant elevation of total peripheral resistance at decreased mean arterial pressure levels. Thus, total peripheral resistance averages 188 per cent of control at mean arterial pressures between 70 and 89 mm. Hg, 233 per cent between 50 and 69 mm. Trig, and 228 per cent between 30 and 49 mm. Hg. All points in the three highest gradations of pressure represent the "recovery" values obtained after the lower stages of pressure had been completed. In many cases, the cardiac output and mean arterial pressure did not return completely to the "control" levels, and since the pressure-flow curve is steep in the higher ranges, the calculated total peripheral resistance is somewhat above "control." It is also obvious from figure 3 that the data represented by the closed and open circles do not differ perceptibly. This finding was anticipated, of course, since in every instance the preliminary portion of each experiment was performed in an identical manner.
Examination of figure 4 discloses that total peripheral resistance bears a considerably different relationship to mean arterial pressure when the moderator reflexes have been suspended. Under these conditions, all the values of total peripheral resistance vary about the level representing 100 per cent of "control," and at no stage of pressure does the mean resistance (computed logarithmically) deviate by more than 24 per cent. The figure does not reveal any significant difference between the results obtained with complete denervation (solid circles) or with a constant pressure applied to the sinuses (open circles). Therefore, in most experiments and regardless of the degree of vasoconstriction, the calculated total peripheral resistance is relatively independent of variations in cardiac output and mean arterial pressure when reflex changes in vasomotor tone are obviated. In other words, on the average, cardiac output and mean arterial pressure change in direct proportion to one another when the moderator reflexes are abolished. Thus, in the experiment illustrated in figure 2 , the MAP-CO regression line intersects the coordinate axes very close to the origin, and the computed total peripheral resistance at each stage of pressure falls within the range of 0.043 and 0.045 P.R.U. In certain isolated experiments, however, the flow intercept deviates appreciably from zero. Hence, total peripheral resistance may increase or decrease with pressure changes, as the intercept is positive or negative, respectively, even though the pressure-flow curve is still linear. Thus, in the experiment depicted in figure 1 , the flow intercept is +0.30 L. per minute, and the calculated total peripheral resistance increases from 0.047 P.R.U. at mean arterial pressure = 37 mm. Hg to 0.061 P.R.U. at mean arterial pressure = 154 mm. Hg. The magnitude of the changes in total peripheral resistance, however, rarely approach the deviations which obtain when the moderator reflexes are intact (figure 3).
Of the three parameters which are measured in determining cardiac output by the direct Fick principle, it had been observed previously, both clinically 14 ' 15 and in experimental animals, 16 that reduction in cardiac output was reflected principally by a diminished mixed venous oxygen content. However, under the conditions of the present study, stepwise declines in cardiac output were accompanied by progressive decreases in oxygen consumption as well as in mixed venous oxygen content. Thus, with the moderator reflexes intact, the original oxygen consumptions and A-Y oxygen differences averaged 105 cc. per minute and 3.2 volumes per cent, respectively. When the mean arterial pressure was equilibrated at approximately 40 mm. Hg in each experiment, the mean oxygen consumption fell to 64 cc. per minute, while the A-V oxygen difference increased to 12.6 volumes per cent. The same directional changes were observed after the moderator reflexes were inactivated, although the relative changes in oxygen consumption consistently proved to be less severe. Thus, the average oxygen consumption and A-V oxygen difference immediately after precluding buffer reflexes were found to be 112 cc. per minute and 5.0 volumes per cent, respectively. When mean arterial pressure was again lowered to about 40 mm. tig, oxygen consumption fell to a mean value of 90 cc. per minute, and A-V oxygen difference rose to 12.3 volumes per cent.
DISCUSSION
It has been established in this series of experiments that the curve relating pressure and flow for the entire systemic vascular bed is virtually rectilinear between pressures of 35 and 179 mm. Hg when reflex changes originating in the carotid sinus and aortic arch pressoreccptors are abrogated (procedures B and C). In many cases, this curve intersects the coordinate axes very close to the origin (as in figure 2 ), and the mean arterial pressure and cardiac output vary proportionately, with the result that total peripheral resistance remains constant over the entire range of pressure and flow. In other experiments, the regression line crosses the ordinate at a positive (as in figure 1) or negative value, so that total peripheral resistance varies significantly at different levels of mean arterial pressure. The composite results illustrated in figure 4 indicate that, on the average, cardiac output and mean arterial pressure tend to vary proportionately. This appears to be true independently of the severity of the vasoconstriction induced in our studies, since no appreciable difference could be detected between the data obtained following denervation (solid circles) as compared to those with positive pressure exerted upon the isolated carotid sinuses (open circles). No information concerning a dilated systemic circulatory bed was derived from our studies.
Knowledge concerning the configuration of the pressure-flow curve for the systemic circulation can at present have only empiric value.
In such a complex hydraulic system, the quantitative contribution of the diverse physical factors involved defies precise analysis. In studies on physical models and isolated vascular beds, it has been established unequivocally that resistance to flow varies with the composition and rate of flow of the liquid as well as with the dimensions and elasticity of the vessels. In vivo, local and systemic humoral and nervous influences contribute further to the complexity of such analyses. Therefore, the proportionality between cardiac output and mean arterial pressure which we have observed in most of our experiments after elimination of the moderator reflexes must be considered purely fortuitous.
The configuration of the curve relating cardiac output and mean arterial pressure is undoubtedly the geometric summation of the curves for all the individual vascular beds which are arranged in parallel to comprise the systemic circuit. Of all vascular regions, flow through the extremities of animals and man has been studied most extensively. The two principal vascular components of the extremities are those supplying skeletal muscle and skin. According to Green and his collaborators,' the pressure-flow diagram for skin is curvilinear, and convex to the pressure axis, so that computed resistance diminishes as pressure is augmented. Skeletal muscle frequently displays a sigmoid pressure-flow curve, so that resistance varies in an irregular manner with perfusion pressure. Undermost conditions, however, the relationship between pressure and flow for the entire hind limb of the dog is parabolic and convex toward the pressure a x j s i, 9, ii. 12 \yjth maximum vasodilatation, the graph is virtually linear, intersecting the pressure axis at a positive value. 11 ' ' 7 In either case, the computed resistance tends to diminish with increasing perfusion pressures. Since the skin is considered to receive an average of 13 per cent and skeletal muscle 28 per cent of the total cardiac output of the dog at rest, 18 approximate! y 4.1 per cent of the curve relating cardiac output and mean arterial pressure may be accounted for on this basis.
The renal circulation constitutes an additional 25 per cent of the total systemic cireula-tion. 18 The relationships between pressure and flow have been securely established by a number of investigators who consistently observed an autonomous regulation by means of which the renal blood flow is maintained relatively constant over a very wide range of perfusion pressures. 2 '*• *• 7> l3 The resultant pressureflow diagram is decidedly convex to the flow axis and consequently, computed renal resistance increases as pressure is augmented. An active metabolic mechanism is very probably operative in accounting for this autoregulation, since it is readily abolished by cyanide. 13 In the case of the coronary circulation, which utilizes an average of 5 per cent of the systemic circulation,"" the plot of flow at constantly changing pressures resembles that for an extremity, being curvilinear and convex to the pressure axis. 8 However, if flow is measured after the perfusion pressure is stabilized at each level for a sufficient period of time, an autoregulation resembling that in the kidney becomes apparent. Thus, if perfusion pressure is suddenly raised or lowered within fairly wide limits and maintained at this new level, a sudden concordant change in flow is perceived, which returns toward control values within a relatively few seconds. 19 Therefore, there is a definite tendency for coronary resistance to diminish with reduction of perfusion pressure, just as in the case of the kidney.
It is apparent that changes in renal and coronary resistance oppose those in the extremities, with the result that variations in the over-all resistance of the systemic bed tend to be minimized. I'nfortunatelj', the configuration of the pressure-How diagrams for the other major vascular regions has not been established, or a geometric summation of the individual curves based upon their relative blood supplies could be attempted.
Although there is general agreement that the pressoreceptor zones in the carotid sinuses and aortic arch are the source of the major reflex compensatory mechanisms affecting the medullary vasomotor centers, other receptive areas have been described which conceivably could modify the form of the curve relating cardiac output to mean arterial pressure. The evidence for baroceptors in the pulmonary circu-lation is quite convincing. This reflex is mediated by the vagi,' 20 " 22 however, and therefore would be eliminated in our studies. Possible vasomotor reflexes arising from the venous side of the circulation also would be abrogated by vagotomy. Baroceptors operating at a spinal reflex level have been detected in the mesenteric circulation. It has been claimed that they may elicit localized alterations in vasomotor tone, but they have been shown not to play any significant role in the proprioceptive regulation of the general blood pressure. 23 " 25 Assuming that the neurogenic components of vasomotor tone remained constant in the experiments following inactivation of the carotid sinus and aortic arch pressoreceptors, it is of interest to examine the relationships between pressure and flow when these reflex mechanisms are intact. The representative curves presented in figures 1 and 2 (solid circles) are decidedly convex toward the mean arterial pressure axis, and this configuration is characteristic of all experiments in our series. The steep slope at the higher pressure levels is undoubtedly the result of compensatory vasomotor activity in response to the reduction in mean arterial pressure imposed by the experimental procedures. A more perplexing observation, however, resides in the reduced flow for any given mean arterial pressure at the lower levels of pressure. This is depicted in figure 1, where the lower end of the curve representing intact reflexes falls below that of the denervated preparation. Thus, below an average pressure of S3 mm. Hg, vasoconstriction was less severe in the neurogenically hypertensive animal subjected to a reduced mean arterial pressure than in the intact animal similarly treated. Even at very low mean pressures, it has been demonstrated that a pulsatile pressure within the carotid sinuses is effective in discharging pressoreceptor impulses which inhibit the vasomotor center. 26 ' 27 Therefore, one would expect the vasomotor center to be less inhibited when the baroceptors are completely denervated, and vasomotor tone should be greater under such conditions. It is very probable, however, that some adjustment takes place within the medullary center itself following interruption of the baroceptor pathways. Immediately after the abrupt rise in mean arterial pressure which follows denervation, the pressure falls progressively to stabilize at a level significantly above control. It has not been established, however, whether this secondary decline in mean arterial pressure results from reduction of vasomotor tone or of cardiac output, or both. There is direct evidence that adjustments do take place in the cardiac accelerator center in the medulla under analogous conditions. 28 ' 29 Hence it is conceivable that the vasomotor center might react in a similar manner.
Concerning the practical applications of these experimental data, it may be concluded that, on the average, an appreciable variation in the calculated total peripheral resistance is indicative of a generalized alteration of vasomotor tone. In individual experiments, however, considerable variations in total peripheral resistance may be encountered with changes in mean arterial pressure while reflex vasomotor tone presumably remains constant. Therefore, conclusions based upon computations of total peripheral resistance should be drawn from averages of a significant number of experiments and not from individual cases, unless such values fall well outside the range of variation observed in figure 4. For the most satisfactory interpretation of vasomotor activity under a given experimental situation, it would be preferable to apply the principles suggested by Green and his colleagues for isolated vascular regions. 1 Thus, a pressure-flow curve should ideally be constructed for the systemic circulation before and after the test stimulus, and the two curves compared over a range of values. Whether the moderator reflexes should be abrogated or undisturbed would depend upon the nature of the problem under consideration.
SUMMARY
The relationships between cardiac output and mean arterial pressure were determined for the systemic vascular bed of the anesthetized clog before and after elimination of the moderator reflexes. With the buffer reflexes intact, the curve relating pressure and flow i.s decidedly convex toward the pressure axis, and total peripheral resistance increases with diminishing pressures. A linear relationship was consistently observed when the moderator reflexes were abrogated. On the average, total peripheral resistance remained relatively constant over a broad range of pressures, although appreciable individual variations in both directions were noted. At lower levels of mean arterial pressure, vasoconstriction was more severe when the baroceptor pathways were functional.
It was concluded that changes in the computed total peripheral resistance acquire significance only when they represent the averages of a statistically adequate quantity of data.
In individual experiments, it would be preferable to compare pressure-flow curves before and during the application of the test stimulus.
